IN THIS ISSUE of Circulation, two articles deal with quantification of myocardial ischemia by left ventricular imaging techniques: one with the radioisotopic measurement of chord shortening' and the other with echocardiographic measurement of wall motion and thickening.2 Measurements of regional wall motion could quantify the extent of myocardial ischemia and infarction and, if accurately performed, would provide a useful method for assessing the severity of damage from an infarction, determining prognosis and evaluating the effects of interventions designed to limit myocardial necrosis. In this editorial we briefly review limitations of several techniques of quantifying regional wall motion abnormalities.
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The three most frequently used techniques to measure segmental wall motion are angiography, radionuclide left ventriculography and echocardiography. All three approaches have common problems.
Dynamic Cardiac Motion
During the cardiac cycle, the heart rotates on its long axis and changes its position within the thorax. The geometric center of the left ventricle changes between systole and diastole because the systolic shape of the ventricle is dissimilar to the diastolic shape.3 '8 In the normal heart, these geometric factors are small, and are usually neglected. However, in a heart with localized contraction abnormalities, these factors may be very large, with hypercontraction of one segment and hypocontraction of other segments. This increases the distortion or asymmetry of the ventricle.
There is also cardiac movement during respiration. This movement can be minimized when data accumulation is completed within two or three cardiac cycles. Contrast ventriculograms or echocardiograms can be recorded during a fixed phase of respiration, but this is not possible with most radionuclide studies.
Temporal Relationships between Ischemia and Mechanical Dysfunction
With the onset of myocardial ischemia, major mechanical abnormalities occur almost immediately.9
However, the relationship between abnormalities in mechanical function and decreases in coronary blood flow is not linear.10 Furthermore, the offset or disappearance of mechanical abnormality after normal coronary flow is reestablished is variable. After a coronary occlusion that lasts only seconds, mechanical function promptly returns to normal. When myocardial ischemia persists for several minutes or longer, myocardial function may not return to normal for many hours or days.'1 Tethering Several techniques have shown that segments of myocardium adjacent to, but not grossly involved in, an infarction or ischemic process may display major contraction abnormalities.'2' 1' This "adjacent nonischemic dyskinesis" may in part be the result of a tethering effect, which helps explain the finding in several studies that the extent of wall motion abnormalities detected by two-dimensional echocardiography overestimates infarct size measured pathologically.2' 14, 15 Asynergy Many studies16 have shown that the point in systole at which peak shortening occurs varies in different segments of the ventricle. Ischemia or infarction tends to exaggerate this temporal dysynergy. To minimize this problem, one must acquire large amounts of data'7' 18 throughout the cardiac cycle rather than simply examining end-diastolic and end-systolic images.'9 In addition, the number of segments that can be adequately distinguished depends on the spatial resolution of the technique being applied. Thus, several fundamental problems limit the usefulness of any technique that uses segmental wall motion abnormalities to define the size of an infarction or ischemic zone. Superimposed on these general problems are limitations unique to each method.
Angiographic Methods
All angiographic studies use a lens system. Consequently, the image obtained may be magnified or distorted. Magnification is determined by two factors: pin-cushion distortion and distance between image intensifier, the patient's heart and x-ray source. Pincushion distortion, in which outer squares have more magnification than inner squares, is a characteristic of all lens systems. The distortion may be reduced by centering the ventricle in the middle of the x-ray field.
The middle of the x-ray field also gives the best focus and contrast. A properly placed reference grid can be used to correct for magnification.
To decrease cardiac motion related to the respiratory cycle, contrast ventriculograms can be obtained during fixed partial inspiration. The most sophisticated approach to eliminating changes in cardiac position in the cardiac and respiratory cycle is to use an external reference system and biplane angiography. To analyze sequential wall motion without an external reference system, one must assume that either the plane of the aortic valve is fixed, the long axis is fixed, or the geometric center is fixed. As noted above, none of these assumptions is valid. 20 Injection of contrast material into the heart depresses myocardial contractility and changes heart rate and peripheral vascular resistance.'8' 21 These changes usually are not detectable until 3-4 seconds after injection and disappear within 20 minutes. Also, the rate of injection and catheter position may cause premature ventricular complexes that may invalidate segmental measurements.
The most important objection to left ventricular angiography is the invasive nature of the technique. Left ventricular angiography has an associated morbidity and mortality, so is not ideal for serial quantification of left ventricular measurements, particularly in the patient with ischemia or infarction.
Radionuclide Methods
When wall motion abnormalities are sought with radionuclide techniques, several special problems arise. If the "equilibrium approach" is used and only two standard projections (450 left anterior oblique and anteroposterior) are used, the inferior wall of the left ventricle is not well visualized. In the anteroposterior view, the right ventricle is superimposed on the inferior wall and in the 45°left anterior oblique view, the apex is superimposed on the inferior wall. This problem can be remedied by obtaining a third projection, the 70°left anterior oblique, which permits one to see the inferior wall directly.22 Alternatively, a difference image (end-diastolic counts minus endsystolic counts) can be obtained using the 450 left anterior oblique data. From this image, one can infer the status of the inferior wall. 23 24 With the equilibrium approach, irregular RR intervals decrease the accuracy of measurements of left ventricular ejection fraction25 and probably decrease the sensitivity and specificity of detecting wall motion abnormalities. To lessen this problem, cardiac cycles with unusually long or short RR intervals can be excluded, either by processing data collected in the serial-mode format26 or by using a sophisticated gating device.
If the "first-pass" approach is used, the determination of wall motion abnormalities depends in part on accurate location of the valve planes, which permits precise identification of the chambers. This is particularly crucial if quantitative measurements of regional wall motion (chord shortening and regional ejection fraction) are used in a manner similar to that described by Ramanathan et al.' With the first-pass approach, there is ambiguity in the determination of these valve planes. In some cases, the degree of uncertainty is small, and in others it is considerable. This factor undoubtedly contributes variability to the data and limits the precision of quantitative measures of regional wall motion. Also, with the first-pass approach, marked rhythm disturbances limit one's ability to detect and quantify wall motion abnormalities. When wall motion abnormalities during exercise are visualized with the radionuclide ventriculogram, an additional problem arises. During exercise, excessive motion of the entire chest artifactually distorts the shape of the heart, and this will interfere with the detailed analysis of wall motion. A variety of approaches to stabilize the chest during exercise (for example, use of a harness, shoulder rest or handlebars) are being used. Unfortunately, in all systems, no direct effort is made to assess the contribution of excessive chest motion to the shape of the heart during an exercise ventriculogram.
In most systems, wall motion abnormalities are detected by visual inspection of the image display. This is of concern because of intraand interobserver variability. 27 This problem can be remedied if wall motion abnormalities are defined using quantitative criteria. Although several quantitative approaches to wall motion abnormalities have been suggested,'6 24, 28s 29 few have been rigorously validated and none is widely used.
When the radionuclide ventriculogram is used to assess left ventricular wall motion, major abnormalities, such as akinesis and dyskinesis, are readily detectable. However, before hypokinetic zones can be accurately detected and quantified, additional developments will be needed.
Echocardiography
Reflected ultrasound in the detection and quantitation of ischemia-induced regional contraction abnormalities has major advantages: excellent spatial and temporal resolution, direct measurements of wall thickness throughout the cardiac cycle, rapid data acquisition, and the absence of radiation or other known biologic hazards. However, several important limitations must be recognized. These may be divided into two broad categories: biologic phenomena and technical problems.
Biologic Phenomena
What is "abnormal" segmental ventricular function? Normal myocardium demonstrates systolic thickening and inward movement of the endocardium. Thus, absence of systolic thickening/endocardial inward motion (akinesis), or systolic thinning/endocardial expansion (dyskinesis), is clearly abnormal when seen on echocardiographic examination. The difficulty arises when one attempts to define the lower limit of normal, so that myocardial segments that re- 748 ClIRCULATION tain some, but only minimal, thickening or motion (hypokinesis) can be identified. This lower limit has not been well delineated, and there appears to be marked variability of the degree of thickening and endocardial motion of closely adjacent segments. Franklin et al.30 found more than fivefold variation in maximal movement of individual endocardial targets toward a left ventricular centroid and a 35% variation in wall thickening along individual ventricular radii. Use of cavity area-shrinkage methods may reduce, but not abolish, the heterogeneity encountered with linear techniques. 31 32 This marked spatial heterogeneity of thickening and motion may in part be explained by intrathoracic cardiac rotational and translational motion and in part by temporal asynergy. This heterogeneity renders unreliable subjective impressions of regional hypokinesis, because this is usually done by comparing the motion of adjacent or opposite segments. We lack reliable criteria for the detection of regional "hypokinesis" or reduced contraction with echocardiographic techniques. Hypokinesis does occur, however, so the whole category cannot simply be abolished or ignored.'0 33 Do regional wall contraction abnormalities imply ischemia or infarction? We have already discussed tethering, in which segments adjacent to but not involved in an infarction display contraction abnormalities.'2 13 In an important investigation in this issue of Circulation, Lieberman et al.2 compared endocardial wall motion and systolic thickening as markers of infarcted myocardium. They showed that regional thickening achieves better separation of normal from infarcted myocardium; although zones closely adjacent to infarcted areas frequently showed abnormal endocardial motion, they less often showed systolic thinning. Some overlap of distant normal, adjacent normal and infarcted zones persists, however, even using wall thickening analysis. Thus, regional contraction abnormalities do not necessarily define the extent of an ischemic or infarcted zone.
What is the relationship ofsystolic thickening to the transmural extent ofan infarction? A profound reduction in coronary blood flow results in ischemia and infarction, which is always more severe in the subendocardial layers. Lieberman et al.2 have defined this thickening-transmural infarction relationship for the first time. They did not find a close correlation between the transmural extent of infarction and the severity of impairment of systolic thickening. Instead, a threshold phenomenon seems to exist: when less than 20% of a transmural segment was infarcted (i.e., a subendocardial infarction), the segment showed reduced systolic thickening, while systolic thinning was seen at all levels of transmural infarction exceeding 20%. Segmental systolic thinning did not worsen as the extent of transmural infarction increased from 20% to 100%. This suggests an obvious limitation of the use of regional wall thickening to estimate infarct size; in any segment, one would expect the presence of systolic thinning to overestimate any infarct whose transmural extent ranged from 21-99%. The study of The difficulties in obtaining high-quality images in obese and emphysematous patients are well known. Additional technical problems are related specifically to echocardiography.
What is the true orientation of any ultrasonic tomographic section? The use of internal landmarks (mitral valve or chordae tendineae) is helpful in localization, but these landmarks are not present at the left ventricular apex. Therefore, when comparing pathologic slices to tomographic sections in the region between the tip of the papillary muscle and the true apex, one cannot be certain that the sections are actually the same. Validation studies are, therefore, less reliable. Also, recording multiple tomographic shortaxis cross sections from a single recording position in the chest wall, as is usually done, results in a certain degree of obliquity of the sections. In addition, the interventricular septum is closer than the posterior wall to the chest wall and transducer, so sweeping the beam from apex to base tends to sample a relatively larger portion of the left ventricular posterior wall than of the septum. Lieberman et al.2 avoided these problems by using open-chest dogs and moving the transducer along the epicardial surface, systematically obtaining echocardiographic short-axis cross-sectional views at 1-cm intervals from apex to base. Because of intervening rib and lung tissues, such a technique cannot be used in patients. One solution would be to use an external reference system to measure the degree of obliquity of each cross section. This information can then be used to permit three-dimensional computerized reconstruction of echocardiographic data. 35 When obtaining long-axis tomographic sections, it is difficult or impossible to image the ventricular apex from the usual parasternal recording position. Apical recording positions do visualize this area, but this information must then be compared to non-simultaneously obtained parasternal data. This problem may in part be avoided by obtaining all long-axis sections from the apex, but the parasternal position still must be used for short-axis tomographic recordings.
An important prerequisite to the use of echocardiography in defining normal and abnormal regional left ventricular wall excursion and thickening is the accurate and reproducible identification of ventricular septal and posterior wall endocardium and of posterior epicardium. Although the accuracy of M-mode echocardrography in identifying cardiac borders has been documented,3`the accuracy and reproducibility of two-dimensional echocardiographic measurements have been questioned. Left ventricular chamber and wall measurements using two-dimensional echocardiography have been shown to be less reproducible than M-mode measurements,37' a and the correlation between two-dimensional and M-mode measurements may be relatively poor.39 Identification of the left ven-749 VOL 63, No 4, APRIL 1981 tricular endocardium may be especially difficult in two-dimensional echocardiograms.'0 These difficulties in identification of cardiac boundaries from two-dimensional echocardiograms stem in part from several technical problems, including the dependence of structure appearance on amplification level (gain setting). For example, Martin and coworkers demonstrated an inverse relationship between echocardiographic gain settings and mitral valve orifice areas in mitral stenosis as imaged in short-axis two-dimensional echocardiograms.41 This inverse relationship was due to "blooming" of targets at high gain settings, an artifact caused by exceeding the dynamic range of the display monitor when imaging bright structures, in this case the calcified mitral valve tissue. A similar gain dependence may affect identification of the left ventricular endocardium and epicardium. The use of videotape stop frames to trace cardiac borders degrades the image data due to loss of integration of structures in motion and to the display of only one-half frame (one field) of data in standardvideotape stop-frame format.
These technical problems may make difficult the correct demarcation of the ventricular wall using twodimensional echocardiograms, and thus, to some degree, reduce the reproducibility and accuracy of analysis of regional wall motion and thickening.
Summary
We have attempted to define some of the biologic and technical problems inherent in the use of left ventricular imaging techniques to detect segmental contraction abnormalities secondary to myocardial ischemia or infarction. That such abnormalities can be demonstrated and that such demonstration is clinically useful is beyond question. However, the value of these techniques in quantitating the ischemic process faces the limitations we have discussed. Claims that any of these approaches are sufficiently accurate to permit us to precisely quantify the size of an infarct or an ischemic zone must be regarded as premature.
